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HYPERSONIC AERODYNAMIC CHARACTERISTICS OF THE
AMES M-2 LIFTING ENTRY CONFIGURATION*

By John A. Axelson
Ames Research Center

SUMMARY

The hypersonic aerodynamic characteristics of the M-2 lifting entry
configuration have been measured in the Ames 3.5-foot hypersonic wind tunnel
at Mach numbers in air of 5.2, 7.#, and 10.4 and in the 1ll-inch helium wind
tunnel at Mach numbers of 10.4, 17.3, and 21.0. The corresponding test
Reynolds numbers varied from 0.8 million to 2.4 million in air and from
1.7 million to 4.3 million in helium. Aerodynamic force and static stability
characteristics are presented for angles of attack from zero 1lift attitude
(near -5°) to that for maximum 1ift (approximately 45°).

The results indicate that the variation of Mach number had relatively
little effect on the hypersonic aerodynamic characteristics. The maximum
trimmed lift-drag ratio was approximately 1.2 for both the air and helium mea-
surements, and occurred near 10° angle of attack and 0.2 1lift coefficient.

The maximum 1ift coefficient was about 0.45 and occurred near Y50 angle of
attack. The models could be trimmed with approximately 5-percent static margin
over the range from maximum lift down to zero lift by progressively increasing
the pitch-flap deflection from 0° to 60°.

The models with rudders undeflected exhibited insufficient static direc-
tional stability at low angles of attack. The incorporation of 25° rudder
flare resulted in favorable directional stability characteristics. It is sur-
mised Lhat an M-2 vehicle's rolling and yawing motion can be controlled with
the rudders as a result of the coupling between rudder-produced sideslip and
the rolling moment produced by the inherent lateral stability of the
configuration.

INTRODUCTION

Research is being conducted by the National Aeronautics and Space A
Administration to develop a maneuverable, lifting-entry vehicle capable of a
horizontal landing on the ground. The advantages to be derived from the appli-
cation of the lifting-body concept to entry vehicles are well documented in
references 1 and 2. Noteworthy among the advantages are reduced heating rates
and reduced decelerations during entry, and significantly increased operational
flexibility gained from the enlarged entry corridors and from the increased
glide range for reaching accessible landing sites.

*Title, Unclassified.



Farlier studies to develop the configuration identified as the M-2 are
reported in references 3 through 8. One of the objectives of this program is
to provide the entry vehicle with a lateral-range capability of 1000 nautical
miles, which approximates the orbit-transfer distance or spacing between con-
secutive orbits for the latitudes of the United States. Depending upon the
particulars of the orbit, this range would permit launch and landing after one
orbit within the confines of this country. It was shown in reference 3 that
this could be achieved with a vehicle that developed a hypersonic lift-drag
ratio near 1l.3.

The purpose of the present investigation was to evaluate the hypersonic
aerodynamic characteristics of the M-2 and to develop suitable stabilizing and
control surfaces. A concurrent study of the aerodynamic loadings on the same
model at hypersonic and at subsonic speeds is reported in reference 9. The
models for these hypersonic studies differed from those of the earlier investi-
gations in that the outboard elevons and side-mounted yaw flaps were eliminated,
and rudders were added to provide hypersonic directional stability and to func-
tion as a combined lateral-directional control at all flight speeds. Because
of the scarcity of hypersonic control data, results for a variety of aero-
dynamic controls are included. Aerodynamic parameters pertinent to future
mission studies and to flight-simulator investigations are discussed and com-
pared with theory.

NOTATION
b model span
Cp drag coefficient, 9%%5
Cy, 1ift coefficient, lCil_gt
C; rolling-moment coefficient, rOlliggbmoment
Cy,  demping-in-roll coefficient, 8_—(zlc)/lev)
CZB lateral-stability parameter, oC1
Cm pitching-moment coefficient, pitCh;gi moment
Cn yawing-moment coefficient, yaWiniSEloment
CnB directional-stability parameter, éEQ




- Ry

Cy side-force coefficient, §1§§a§9399
c control chord
% lift-to-drag-ratio
2 model length
M Mach number
p rolling velocity
q dynamic pressure
R Reynolds number (based on model length)
S planform area
t thickness
\ flight velocity
a angle of attack
B sideslip angle
o control deflection angle
Subscripts
min minimum
P pitch flaps
s moments referred to stability axes (fig. 4)
t anhedral tails
EXPERIMENT

Wind Tunnels

The hypersonic tests in air were conducted in the Ames 3.5-foot hypersonic
wind tunnel, a blowdown type in which compressed air is heated during passage
through a pebble-bed heater and is then accelerated in one of the available,
interchangeable nozzles leading to the 3.5-foot-diameter test section. A
sketch of the facility is shown in figure 1. For the present tests the air
was compressed and heated to provide a nominal total temperature of 2000° R at
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pressures up to 1020 psi. The model support system was servo-controlled and
hydraulically operated through an angle-of-attack range from -5° to +15°. The
model forces and moments were measured wilh conventional strain-gage balances
(a 1.5-inch balance thermally insulated from the models by a double-walled,
evacuated steel jacket, or a l-inch balance maintained at room temperature by
a water jacket).

The hypersonic tests in helium were conducted in the Ames 1li-inch helium
wind tunnel, which operates at ambient room temperature and at pressures up to
2000 psi. The model support system was operable over angles between +140, The
model forces and moments were measured with a 5/8—inch—diameter strain-gage
balance with no additional thermal protection device. Further details on the
1l4-inch helium wind tunnel may be found in reference 10.

Models and Configuration

Six models differing in size and mounting arrangement were used in the
present air and helium wind-tunnel experiments. These models are shown outside
of the test section of the 3.5-foot hypersonic wind tunnel in the photograph
of figure 2. The model support strut and the tapered sting are visible through
the door opening. (The small cone mounted at the front of the sting was not a
part of the present study.) The three models appearing in the upper left-hand
portion of figure 2(a) were used in the air tests in the 3.5-foot wind tunnel.
The three smaller models appearing in the lower right-hand portion of the
photograph were used in the helium tests and were also the models used for the
study reported in reference 8. The models were 24, 12, 6, and 3.5 inches long,
and there was a palr of models for each of the two shorter lengths.

The 24-inch and 12-inch models used for the air tests were machined from
Inconel castings and the controls and canopy were made of 347 stainless steel.
The three small models used in the helium tests were made of aluminum. One
of the 6-inch models was cast of copper-beryllium alloy and was used for
shadowgraph tests in the 3.5-foot wind tunnel.

As shown in figure 2, the models were mounted with the sting and balance
entering the model either through the base or through the top leeward surface
of the model. The former mounting was used for low angles of attack, while the
latter mounting was used for high angles of attack. The 12-inch model ini-
tially tested at high angles of attack had a 3.12-inch-diameter housing
(fig. 2(a)) covering the 1.5-inch-diameter balance and its vacuum jacket. This
model was later modified to eliminate the housing and to fit the smaller
1.0-inch balance and its 1.25-inch-diameter water jacket. Both types of model
mounting were incorporated into this model,as shown in figures 2(b) and 2(c),

so that tests could be made over the angle-of-attack range from -15° to
+450.

Except for the differences in mounting, the models were geometrically
similar. Reference dimensions of the 12-inch model are shown in figure 3(a).
The dimensions of the other models were in proportion to their lengths. The
canopy was the same as that used in earlier M-2 studies and is considered a
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representative but not optimum design. The body nose bluntness also
corresponded to that of the earlier models.

The dimensions of the two basic controls, the rudders and the lower pitch
flaps, are included on figure 3(a) (25° rudder flare is considered the standard
configuration for the present study). All of the various controls and compo-
nents investigated are shown in figure 3(b). Additional details of the nose
flaps and outboard elevons tested only on the 3.5-inch model are shown in
figure 3(c). Also included in figure 3(c) are details of the anhedral tail
surfaces which were tested on the two larger models in air and on the 6-inch
model in helium. These surfaces were conceived primarily for augmenting static
stability at transonic speeds, but were evaluated hypersonically as part of the
present study.

Most of the tests in air were conducted with the canopy removed. The
canopies were not removable from the small models, however, so all helium
results are with the canopies on the models.

Tests

The nominal test conditions for the present investigation are summarized
as follows:

Mach Model Angles of Angles of Reynolds
length, attack, sideslip, numbers,
number N o
in. deg deg million
Air
5.2 2k.0 5 to 25 -6 to 5at a =10 0.8
12.0 25 to U5
7.4 2Lk.0 -7 to 25 -6 to 5at o =10 1.0, 2.k
12.0 25 toiéh) -15 to 5 at o = 40 1.
10.4 24 .0 5to 2 -6 to 5at a = 10 1.0, 2.0
12.0 <£§§to ) -10 to 5 at a = 30 1.0
Helium '
10.% 6.0 0 to 45 14 to 1k at a = 14, 28 1.7
17.3 3.5 -14 to 64 14 to 1k at a = 36 1.0
6.0 0 to 1k 3.1
21.0 6.0 -8 to 1b BtoB8at a=0 4.3

Six-component balance measurements were taken during the pitch and side-
slip tests in both tunnels. The availability of bent stings in the two
facilities and the model mounting arrangements determined the angles of attack
at which the sideslip tests were performed. Yawing moments were not measured
for one sidelip run of the 2-foot model because of a temporary system change
to permit monitoring of the instantaneous load during tunnel shutdown.

Rudder flares of 0° and 25° (the presently established standard) were
tested at all Mach numbers in both air and helium. Additional rudder flares

ety >



e,

of 15° and 35° and several differential rudder deflections were tested at
7.4 Mach number. Pitch-flap settings were 0°, 15°, 35°, and 45° in air and
0%, 359, 450, and 60° in helium.

Precision

The test Mach numbers and the dimensionless aerodynamic coefficients pre-
sented in this report are considered to be accurate within the following
limits:

Mach number Accuracy of aerodynamic
coefficients, percent
Air
5.20+0.03 +2
7.40£0.05 +3
10.40%£0.05 +3
Helium
10.40%0.10 +3
17.30£0.10 42
21.00£0.10 0

The angles of attack and sideslip are considered to be accurate within *0.2°.
The deflection angles of the controls are accurate within *0.3°9. The accura-
cies of the coefficients allow for the 0.2° uncertainty in stream angularity.

Sting-interference effects were likely to have affected the measured
pitching moments under some test conditions (e.g., when the sting became
inclined and exposed to the free stream). A sting inclined at an angle
exceeding the Mach angle in a hypersonic flow tends to develop a shock wave
along its windward side because of the presence of a supersonic cross flow.
Such shocks develop at fairly small inclination angles, since the Mach angles
at hypersonic speeds are also small. TFor example, the Mach angles at Mach
numbers of 5.2, 10.4, and 21.0 are 11°, 5.5°, and 2.7°, respectively. In the
present tests, except at M = 10.4% in helium, the models at high angles of
attack were mounted with the stings attached to the top leeward surfaces
behind the canopy location. Sting-interference effects tended to be small
with this mounting arrangement, because the stings were partially shielded
from the oncoming flow, and because the inclination angles of the stings rela-
tive to the free stream never exceeded 15°.

PRESENTATION OF RESULTS

The model configuration used as the reference for comparing the experi-
mental results in air is the body-fin combination with rudders flared 25° and
with the canopy removed. The effects of adding various combinations of
deflected controls and model components to this standard configuration are
shown in the figures. For the helium results the reference model configuration
is the body-fin combination plus canopy and 25° rudder flare.

6 M




All longitudinal aerodynamic characteristics are referred to the wind
axes. The lateral and directional characteristics in helium are referred to
the body axes, and those in air are shown for both the body axes and the

stability axes. The orilentation of these axes systems and the directions of
the positive forces and moments are shown in figure 4.

Measurements in Air

The longitudinal aerodynamic characteristics for the three test Mach num-
bers of 5.2, 7.4, and 10.4t in air are presented in figures 5, 6, and T, respec-
tively, for the body-fin configuration (pitch flaps retracted and canopy
removed) with O° and 25° rudder flares. Also shown in figures 5 and 6 are
results for the models with 25° rudder flare in combination with the anhedral
tails (a set of auxiliary surfaces included in the present study). The longi-
tudinal results for the model with 25° rudder flare and with 35° pitch flaps
are shown in figure 8 for the three Mach numbers, and similar results for sev-
eral pitch-flap deflections are shown in figure 9 for a Mach number of T.k4.

The effects of adding the canopy are shown in figure 10.

The lateral-directional moment characteristics (yawing-moment and rolling-
moment coefficients) are presented as functions of sideslip angle in figures 11,
12, and 13 for a model angle of attack of 10°, in figure 14 for 40° angle of
attack, and in figure 15 for 30° angle of attack. The lateral-directional
characteristics in sideslip for the model with several different rudder set-
tings are shown in figure 16. In figures 11 through 16, the coefficients
referred to the body axes are shown on the left, and those referred to the
stability axes are plotted at the right. Additional rudder characteristics
for the model at O° sideslip angle for an angle-of-attack range from -5° to
+45° at M = 7.4t are shown in figure 17. The variations of side-force coeffi-
cient with sideslip angle are shown in figure 18 for an angle of attack of
10° and in figure 19 for angles of attack of 40° and 30°.

Measurements in Helium

The longitudinal aerodynamic characteristics for the three test Mach num-
bers of 10.4, 17.3, and 21.0 in helium are presented in figures 20, 21, and 22,
respectively. The lateral-directional moment characteristics are shown in
figures 23, 24, and 25 for the various control arrangements investigated
(fig. 3). The side-force coefficients are shown in figures 26, 27, and 28.

Summary and Comparisons

A summary of the longitudinal aerodynamic characteristics from the helium
and air tests is presented in figure 29. More detailed comparisons of the air
and helium results appear in figure 30. Shadowgraph and schlieren photographs
of the same model at the same test Mach number in air and in helium are shown
in figures 31 and 32, respectively. Two additional schlieren photographs of
the model with and without a canopy modification are shown in figure 33 for
M =21.0 in helium.

N ————— 7
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DISCUSSION

Longitudinal-Force Characteristics

The longitudinal-force characteristics of primary interest in trajectory
and simulator studies are: the 1lift coefficient at maximum lift-drag ratio;
the lift-curve slope; the maximum 1lift coefficient; the minimum drag coeffi-
cient and drag-rise (or drag-due-to-lift) parameter; and the maximum lift-drag
ratio. These parameters are discussed next, and simplified expressions for use
in the aforementioned studies are presented where appropriate.

Lift.- Varying the hypersonic test Mach number produced relatively little
change in the 1lift characteristics (fig. 29). Interpolation of the results
indicates that the lift coefficient for trimmed maximum lift-drag ratio was near
0.2 (figs. 8, 9(b)) and occurred near o = 10°. The 1lift curves exhibit
reduced slopes near a = O° and above a = 30° (figs. 6(b), 9(b), 20(b)).
Between 5° and 30° the 1lift curves at trim can be approximated within 4 percent
by the straight-line relationship:

) 0.32 [ _
Cp, = 0.11 + 25 (o - 5) (5 <a<30)

The slopes of the linear portions of the 1lift curves are plotted in

figure 29(b) and were typically close to 0.012 per degree (about half the sub-
sonic value). The maximum lift coefficient (trimmed) was close to 0.4k in air
(figs. 5(b), 6(b), 7(b)) and in helium (figs. 20(b), 21(b)), and occurred
between 40° and 50° angle of attack.

Drag.- Drag parameters of general interest are the minimum drag coeffi-
cient and the increase of drag coefficient with increasing 1ift coefficient.
The minimum drag coefficients occurred between 0° and -5° angle of attack and
varied with model configuration and test conditions as follows:

Mach Remigolds c R;dder Pitch c
n er, anopy flare, flaps D .
aumber million deg deg ’ ma
Air
5.2 0.8 off 25 35 0.085
T4 1.0 of f o] 0 .068
1.0 off 25 0 Noy(
1.0 off 25 35 .078
1.0 off 25 45 079
1.0 on o] 0 Moy
10.4 1.1 of f 0 0 .066
1.1 off 25 0 077
1.1 off 25 35 077
1.1 on 25 35 .081
1.1 on 25 45 .084
1.1 on 25 o] .080
Helium
10.% 1.7 on 25 0 o7k
1.7 on 25 45 076
17.3 3.1 on 25 0 .066
3.1 on 25 45 .070
21.0 4.3 on 25 o] \066
k.3 on 0 45 061
4.3 on 25 45 068
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The addition of the canopy and the incorporation of 25° rudder flare each
increased Cp ;. 0.006 at M = 7.4 in air. At M = 10.4 the addition of the

canopy produced an incremental drag coefficient of only 0.003, while the 250
rudder flare added an incremental drag coefficient of 0.011. At = 21.0 in
helium, the 25° rudder flare added an incremental drag coefficient of 0.007.
Deflecting the pitch flaps 45° caused small additional increases in CDmin’ the
increment decreasing from 0.005 at M = 7.4 in air to 0.002 at M = 21.0 in
helium.

The increase in drag coefficient with increasing 1lift coefficient was
approximately parabolic for angles of attack below 30° (figs. 6(d), 30(d)).
The relationship between drag coefficient and the square of the 1lift coeffi-
cient was almost linear as shown in figure 30(e) for M = 10.4 in air and in
helium. The rise in Cp with increasing C;2 was slightly greater in air
than in helium. The estimate for air using modified Newtonian theory (skin
friction neglected) also indicated a nearly parabolic functional relationship
between 1ift and drag coefficients, and the drag rise factor was very close to
those measured in air and in helium. The parabolic functional relationship and
the measured and computed values are:

BCD
BCL

Cp = Chr—g 2 (0° < @ < 30°)

0.07h + 2.40 cy? (M = 10.4%, air)

10.4, helium)

0.074 +2.32 ¢;2 (M

0.045 + 2.30 C;2 (impact theory, inviscid air)

Lift-drag ratio.- The M-2 development study in reference 3 indicated that
an atmosphere-entry vehicle could achieve a 1000-nautical-mile lateral range
corresponding to the distance between consecutive orbits over the United States,
if the vehicle developed a hypersonic lift-drag ratio near 1.3. The trimmed
maximum lift-drag ratio measured with the present models in air and in helium
was 1.2 or greater (figs. 8(c), 20(c)).

Since the variation of drag with 1ift was essentially parabolic, with
minimum drag occurring near zero lift, the hypersonic maximum lift-drag ratio
for the M-2 can be expressed as

1
< >max /aCD/aCLZ ) CDmln

For entry studies, primary interest is in the angle-of-attack range between
meximum lift-drag ratio and maximum 1ift coefficient. The present data in the
range between 15° and 45° indicate that the trimmed 1lift-drag ratios may be

e ?



W

approximated within 3 percent by a linear function of angle of attack:

= 0.60 + 0.02 (45 - a) (15° < a < 45°)

ol

Longitudinal Stability and Control

The original 130 half-cone with no boattailing from which the M-2 evolved
(ref. 3) trimmed at a low angle of attack near that for maximum lift-drag ratio.
To trim the simple half-cone to high angle of attack near maximum lift would
have required controls that would produce a nose-up moment while maintaining
stability. There were obvious disadvantages to this scheme. If the trimming
controls were located forward on the body to produce nose-up moment, they would
adversely affect static stability, as will be shown in the case of the nose
flaps which caused directional instability. Controls mounted on the upper aft
surface, on the other hand, could produce a nose-up moment at low angles of
attack by exerting a download near the tail. This location of controls, how-
ever, results in their passage into the "shadow" or leeward side of the vehicle
and rapid loss in control effectiveness as angle of attack is increased.
Another significant disadvantage to the half-cone was the large base area and
the associated base drag which penalizes low-speed performance. Boattailing
not only improves lift-drag ratio at low speeds but also reduces the moment
required for trim at high angles.

Static longitudinal stability.- The present experimental results (figs. 5,
6, T, 9, 20, 21) show that the M-2 with pitch flaps retracted trimmed at angles
of attack near 450, corresponding to maximum 1ift coefficient. With increasing
pitch-flap deflection, trim occurred at progressively lower angles of attack
down to zero 1lift. The static margin was at least 5 percent of the body length
over this angle-of-attack range. The reference moment center for the present
results is the same as that used in the earlier referenced studies and is shown
in figure 3(a).

Pitch flaps.- The pitch-flap deflection required for trim at the attitude
for maximum lift-drag ratio (fig. 8) was approximately 35° (0° pitch flap
corresponds to flaps retracted). The flaps had the effect of partially
restoring the lower afterbody intentionally removed from the original half-
cone by boattailing to achieve the high-angle trim capability. It is indicated
in figures 9(a) and 30(a) that trim at zero angle of attack would require about
500 deflection of the pitch flaps.

The pitch flaps maintained effectiveness throughout the wide angle-of-
attack range investigated because of their windward exposure. The effective-
ness was dependent upon model angle of attack, however, and was nonlinear with
respect to flap deflection. Deflecting the flaps increased the lift coeffi-
cients slightly because of the positive 1lift contribution of the flaps
(figs. 9(b), 20(b)), but flap deflections up to 45° caused little or no change
in lift-drag ratio (figs. 9(c), 20(c)). Deflecting the flaps produced a small
increase in static directional stability (figs. 16, 23), but produced no other
observable effects on hypersonic aerodynamic characteristics.

10 N




Canopy.- A representative canopy included in the earlier studies was
tested in the present air and helium investigations. The addition of the
canopy at M = 7.4 in air produced a nose-down pitching moment which almost
resulted in a second trim point around a = -5° with zero pitch flaps
(fig. 10(a)). The tendency toward this low-angle trim was considerably reduced
at the higher Mach numbers in air and in helium (figs. 20(a), 21(a), 22(a),
30(a)). This low-angle trim is to be avoided, because it would require an
additional hypersonic control that produced nose-up pitching moments. The com-
plications associated with such a control have already been discussed. It
should be noted that future canopy designs must be checked for their effects
on trim conditions near zero lift. The addition of the canopy produced no
discernible effects on the lateral-directional characteristics.

Visual evidence that the bluntness of the canopy may have influenced the
flow separation from the body nose is presented in the schlieren photographs
of figure 33 for a Mach number of 21.0 in helium. A small splitter plate
added forward of the canopy appears to have lessened the flow separation
(fig. 33(b)) compared to that of the unmodified canopy (fig. 33(a)). The flow
separation is clearly indicated for Mach numbers of 10.4 and 21.0 in the
helium schlieren pictures of figures 32 and 33, but is not apparent in the
less sensitive shadowgraph of the model at M = 10.4 in air (fig. 31). The
extent to which separation might differ in helium and in air, and might be
influenced by the model temperature relative to the temperature of the test
medium is not yet known.

Nose flaps.- The nose flaps were investigated briefly at M = 17.3 in
helium to determine their effectiveness in increasing the trim angle at the
high angles of attack. They increased the trim angle by only 70 (fig. 21(a))
but, as expected, they seriously reduced the static directional stability
(fig. 24(a)).

Elevons.- The elevons which were tested in earlier M-2 studies and which
exhibited adverse lateral-control characteristics (high adverse yaw) were
tested briefly at high angles of attack in helium at M = 17.3. Both elevons
were set at the negative 40° incidence selected in reference 8 for the high
angle-of-attack trim condition. As shown in figure 21, the elevons exerted no
significant effect on the aerodynamics or on the static margin of the model
near trim.

Anhedral tails.- These surfaces were considered as possible means for
augmenting the static longitudinal and directional stability, particularly at
transonic speeds. An earlier test of the M-2 with elevons removed had indi-
cated neutral stability (see fig. 14(c) of ref. 6) at M = 0.9. The anhedral
tails (fig. &) favorably increased the hypersonic longitudinal and directional
stability (figs. 12, 13, 14, 15), decreased the lateral stability (dihedral
effect) at high angles of attack (figs. 1%(b), 15(b)), and reduced the high-
trim angle of attack with pitch flaps retracted (figs. 5(a), 6(a), 7(a)).
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Lateral-Directional Characteristics

Yawing-moment and rolling-moment coefficients are shown in figures 11
through 16 for sideslip tests in air at angles of attack of 10°, 30°, and 40°
(10° is near maximum lift-drag ratio and 40° is near maximum 1lift). At the
higher angles of attack, all model configurations tested exhibited favorable
directional stability about the stability axes, as evidenced by the stable
variations of Cpg With sideslip angle (figs. 14(b), 15(b)). (The relation-
ship between body and stability axes is shown in fig. 4.) At the lower angle
of attack, the model with the rudders undeflected exhibited almost neutral
static directional stability (figs. 11(b), 12(b), 13(b)) in air and in helium
(figs. 23, 25).

Rudder flare.- Airfoils exhibit nonlinear 1lift curves at hypersonic
speeds, as explained in detail in reference 1ll. Stabilizing surfaces would
be expected to perform in a like manner, with low lift-curve slope or effec-
tiveness through zero angle of inclination to the hypersonic stream. Adding
rudder flare to the present model permitted the rudders to act at larger angles
of attack where increased lift-curve slope and greater effectiveness occurred.
In addition, the flared rudders tended to emerge from the engulfing boundary
layer passing from the more forward body and fins. As shown in figures 12
through 16 and in figures 23 through 25, rudder flare significantly increased
the static directional stability as expected from the foregoing reasoning.
Rudder flare had little effect on the rolling-moment characteristics referred
to the body axes, while it decreased the lateral stability (dihedral effect)
referred to the stability axes at high angle of attack (figs. 14(b), 15(b),
16(v)). The increased directional stability and reduced lateral stability
produced by the rudder flare lessen the likelihood of the occurrence of Dutch
roll. (A tendency toward Dutch-roll instability was observed with an earlier
M-2 model during subsonic free-flight tests reported in ref. 4.) Because
satisfactory lateral-directional characteristics resulted with 25° rudder
flare, longitudinal aerodynamic characteristics were also measured with this
flare. Rudder flare thus provided an effective control over the level of the
static directional stability and also over the ratio of directional to lateral
stability over a wide test range of angles of attack.

Typical values for the hypersonic static stability and side-force deriv-
atives for the model with 25° rudder flare have been evaluated for simulator
and trajectory studies. The following averaged values are generally accurate
within 12 percent.

0° <o <10° | 30° < < k4o
Cng 0.0025 0.0021
Cig -.002k -.0030
Cyg -.0160 -.0180
Cns g .0025 .0033
2 -.002k -.0014
5p
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Rudder lateral-directional control.- The concept of using differential
rudder deflection for controlling roll of the M-2 is based on advantageously
using the coupling between the inherent lateral stability of the configuration
and rudder-induced sideslip. A concurrent simulator study published in refer-
ence 12 supported the practicability of this type of lateral control. The
present results (figs. 16, 17, 24) show that differential rudder was effective
in producing yawing moments over a wide range of angles of attack and sideslip
and, consequently, would cause sideslip motion and attendant rolling motion to
a vehicle in flight.

The yawing moments produced by 20° differential rudder (fig. 17(a))
varied considerably over the test range of angles of attack from -5° to +45°.
The minimum yawing moments around 6° angle of attack are considered to indi-
cate that at this a, the rudders were subjected to the maximum submergence
in the boundary layer from the body. The body boundary layer passed below
the rudder for o < 6° or tended to pass inside the fins for o > 6°. The
rolling-moment results in figure 17(b) show that 20° differential rudder pro-
duced a favorable or augmenting rolling moment (Cls between 0.002 and 0.004)
about the stability axes over the range of angles of attack of practical
interest (15° < a < 45°). This augmenting rolling moment would add to the
body rolling moment produced by the coupling between sideslip and lateral
stability.

A maximum roll response may be estimated from the results shown in fig-
ure 16(b) and assuming a typical damping-in-roll coefficient of -0.3. The
data indicate that 35° differential rudder would produce about 3° of sideslip
to the stability axis and a corresponding rolling-moment coefficient Cjg
near 0.012. For a flight speed of 10,000 feet per second and a vehicle of
10-foot span, the resulting rolling velocity about the stability axis would
ve S0 radians per second. This is, of course, excessive, and much smaller
rudder deflections would suffice. Rolling velocities for other flight speeds
and other vehicle sizes may be estimated from the roll helix angle
(pb/2v = ACZ/CZP)- The present results indicate that adequate roll response

would result from the use of rudders for lateral control at hypersonic speeds.

No effect of lower pitch-flap deflection on rudder characteristics was
noted, but a slight increase in directional stability at the higher angles of
attack accompanied deflection of the flaps, as noted earlier (fig. 16).

Comparison of Air and Helium Results

The flight Mach number during atmosphere entry and return to earth
decreases from about 30 to the subsonic value (~O.3) corresponding to landing.
In the interest of obtaining aerodynamic measurements at increasingly higher
Mach numbers, the tests up to a Mach number of 21 in helium were added to the
tests to M = 10.4 in air. Some confidence that the measurements in helium
provide a good qualitative and possibly & quantitative guide for extrapolating
the air results to higher Mach numbers can be gained from inspection of the
present measurements at M = 10.4 both in helium and in air (fig. 30).

ST 13
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Theoretical studies reported in references 11 and 13 identified the
effects of varying the gas specific-heat ratio (7/5 for air and 5/3 for
helium) on the flow properties through normal and oblique shock waves and on
the inviscid aerodynamic characteristics of blunt and sharp wedges and cones.
The principal findings were that increasing the gas specific-heat ratio
decreased the pressure coefficients for the strong-shock solutions and
increased those for the weak-shock solutions. Consequently, the loadings were
lower on the blunt nose portions of the bodies, but higher on the aftersurfaces
as the gas specific-heat ratio was increased. Associated with the higher gas
specific-heat ratio were significantly increased lift coefficients and
slightly increased lift-drag ratios and inviscid drag coefficients. These
effects decreased with increasing amounts of bluntness and were much smaller
for cones than for wedges. Comparisons of the experimental results for cones
in air and in helium presented in references 14 and 15 indicate higher 1ift-
drag ratios, slightly higher 1ift coefficients, and slightly lower drag coeffi-
cients for the sharp cones in helium. There were no significant differences
between the aerodynamic coefficients for the blunted, 10° half-angle cones in
air and helium.

The present results (fig. 30) indicate close agreement between the helium
and air results. The only significant difference occurred in the pitching-
moment coefficients with 0° pitch flaps (fig. 30(a)). This difference can be
attributed to the greater sting interference during the helium test wherein
the model was base-mounted over the entire angle-of-attack range, whereas the
model was top-mounted for the tests in air above 15° angle of attack. Note
that the sting interference was practically eliminated and excellent agreement
resulted when the pitch flaps were deflected 45° and the sting became effec-
tively shielded (fig. 32).

Reynolds Number Effects

As previously mentioned under Experiment, the variation in test Reynolds
number was obtained by varying the total pressure for consecutive runs of the
2h-inch model. ©No discernible effects of Reynolds number variation on the
measured model characteristics were found. The concurrent study of hypersonic
pressure distributions reported in reference 9 also indicated no significant
effect of a variation in test Reynolds nurber.

CONCLUSIONS

The more significant conclusions drawn from the hypersonic aerodynamic
characteristics measured for the M-2 lifting entry configuration during air
and helium wind-tunnel tests over a Mach number range from 5.2 through 21.0
are:;

1. Variation in hypersonic test Mach number produced no large effects
on the measured aerodynamic characteristics.
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2. The lower pitch flaps were effective in trimming the model over the
angle-of-attack range from zero 1ift through maximum 1ift with an attendant
static margin of approximately 5-percent model length aft of the moment center
at 55 percent of the body length.

3. The model with retracted rudders exhibited neutral static directional
stability. The addition of rudder flare, however, produced favorable direc-
tional stability and control characteristics and the directional stability
increased with increasing rudder flare.

L. The rudders were effective for both directional and lateral control.
The lateral-control capability derives from the coupling between rudder-
induced sideslip and the inherent lateral stability of the configuration.

5. The maximum trimmed lift-drag ratio was approximately 1.2 and
occurred near 10° angle of attack and a 1lift coefficient of 0.2.

6. The maximum 1ift coefficient was approximately 0.45 and occurred
near 45° angle of attack where the corresponding lift-drag ratio was 0.6.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., July 13, 1966
12k-07-02-10
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(b) Modified 12.0 inch model, 30° top mount.

(c¢) Modified 12.0 inch model, base mount.

Figure 2.- Concluded.

A-36840

A-36838
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Rudder
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Pitch flaps
(b) Sketch of the model controls and components.

Figure 3.- Continued.
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“, 7’——\/ Nose flap .06 thick
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Nose flap and elevon dimensions for 3. 5-inch model,
Anhedral tail dimensions for other models,

Model
in, Ct by ty
6 0.5 3.25 0.10
12 1.0 6. 00 .09
24 2.0 12,00 .18

(c) Details of extra controls.

Figure 3.- Concluded.
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A Body and fins + 25° rudder flare
< Body and fins + 25° rudder flare + anhedral tails

-.04

(a) Pitching-moment coefficient.

(b) Lift coefficient.

L/D

2 ft model«—J—»l ft model
0 10 20 30 40 50 60
Angle of attack, a, deg

(c) Lift-drag ratio.

Figure 5.- Longitudinal aerodynamic characteristics; M = 5.2, air.
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O Body and fins
A Body and fins + 25° rudder flare

< Body and fins + 25° rudder flare + anhedral tails

(a) Pitching-moment coefficient.

6
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CL 2
0 =% :
> 2 ft model=—|—1Ift model
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Angle of attack, a, deg

(b) Lift coefficient.
Figure 6.- Longitudinal aerodynamic characteristics; M = 7.4, air.
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O Body and fins

+ anhedral tails

A Body and fins + 25° rudder flare
© Body and fins +25° rudder flare
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Angle of attack, a, deg

(c) Lift-drag ratio.
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0 A .2 ) 4 S .6'\/ 1.0 1.4
Cp
(a) Lift-drag polar.
Figure 6.- Concluded.
Y a7



.02

Cm 0]

O Body and fins
A Body and fins 4 25° rudder flare

-.02 i

(a) Pitching-moment coefficient.

(b) Lift coefficient.

L/D

865 T 0 10 20 20 40 50

Angle of attack, a, deg

(c) lift-drag ratio.

Figure T.- Longitudinal aerodynamic characteristics; M = 10.k4, air.
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(a) Pitching-moment coefficient.
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L/D 8 o o
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0
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Angle of attack, a, deg

(e) Lift-drag ratio.

Figure 8.- Effects of Mach number on the longitudinal aerodynamic

characteristics; 25° rudder flare, Sp = 350, air.
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(a) Pitching-moment coefficient.
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iﬁgg__
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Angle of attack, a, deg

(¢) Iift-drag ratio.

Figure 9.~ Effects of pitch-flap deflection on longitudinal aerodynamic
characteristics; 25° rudder flare, M = T.k4, air.
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O Canopy on
A Canopy off
Flags denote 25° rudder flare for 10°<a<25°

-02

(a) Pitching-moment coefficient.

(b) Iift coefficient.

L/D 8
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Angle of attack, a, deg
(c) Lift-drag ratio.

Figure 10.- Effects of adding the canopy on the longitudinal aerodynamic
characteristics; M = 7.4, air.
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2 O Body and fins
A Body and fins + 25° rudder flare
< Body and fins + 25° rudder flare
| __+ anhedral tails
Cy
o
~.l
A
CY 0
-
(b) M= 7.k
A
CY 0
=
-8 -4 o 4 8

Sideslip angle, B, deg
(¢) M = 10.k

Figure 18.- Variation of side-force coefficient with sideslip angle;
o = lOO, air.
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O Body and fins
A Body and fins + 25° rudder flare
< Body and fins + 25° rudder flare

+ anhedral tails

(a) M = 7.4, o= 4o°,

N

-8

-4 0 4

Sideslip angle, B, deg

(b) M = 10.4, o = 30°.

Figure 19.- Variation of side-force coefficient with sideslip angle:
air.
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(a) Pitching-moment coefficient.
Figure 20.~ Effects of pitch-flap deflection and of anhedral tails on the

longitudinal aerodynamic characteristics; 250 rudder flare, canopy on,
M = 10.4, helium.
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(b) Lift coefficient.
1.6
1.2 o o
B S
8 | /G/ X mu
[T~
L/D "~
4
0]
_.4
-10 -5 0 5 10 15 20 25 30 35 40 45
Angle of attack, a, deg
(¢) Lift-drag ratio.
Figure 20.- Concluded.
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02 JQ\

-.02
O O0° rudders
O 25° right rudder, O° left rudder
A 25° rudder flare

-04 D 25° rudder flare + nose flaps

(a) Effects of rudder deflection and of nose flaps on pitching-moment
coefficiente.

04

02 02 gf?}@é

A

_04 b 25° rudder flare + 45° pitch flaps

-.02 : - R
O 0° rudders \)ag\"
© 0° rudders,— 40° elevons 4

-20 -10 0] 10 20 30 40 50 60
Angle of attack, a, deg

(b) Effects of -40° elevons and of h5o piteh flaps on pitching-moment
coefficient.

Figure 21.- Effects of various control arrangements on the longitudinal
aerodynamic characteristics; canopy on, M = 1T7.4, helium.
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o
O 0° rudders
© 0° rudders, —-40° elevons
-2
(c) Effect of -40° elevons on 1ift coefficient.
.6

.4 e

CL =2 v
0 :
ﬁAﬁ’ A 25° rudder fiare
A/l/ N 25° rudder flare + 45° pitch flaps
_5 D 25° rudder flare + nose flaps

-20 -10 0 10 20 30 40 50 60 70
Angle of attack, a, deg

(d) Effects of pitch flaps and of nose flaps on 1lift coefficient.

Figure 2l.- Continued.
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06| O O Body and fins
A A Body and fins+25° rudder flare

O & Body and fins+25°rudder flare +

04 anhedral tails
(] Body and fins +25°rudder flare +
45°pitch flaps
Cn 02

-.02

-04

(a) Yawing-moment coefficient.

.08

-16 ~-12 -8 -4 0 4 8 12 16
Sideslip angle, B, deg
(b) Rolling-moment coefficient.

Figure 23.- Iateral-directional moment characteristics; canopy on, M = 10.k4,
he lium.

48 iy




.04

02

02 _ O 0° rudders
e O 25°right rudder
A 25°rudder flare
- 04 D 25°rudder flare + nose flaps

(a) Yawing-moment coefficient.

-6 -I2 -8 -4 0 4 8 12 16
Sideslip angle, B8, deg
(b) Rolling-moment coefficient.

Figure 2k.- Iateral-directional moment characteristics; canopy on, M = 17.3,
helium, o = 36°.



04
O 0°rudder + 8p =45°
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O 25° rudder flare + anhedral
02 tails
Cn 0
¢
-.02
-04
(a) Yawing-moment coefficient.
.04
¢, OM
-04

-8 -4 0] 4 8
Sideslip angle, B, deg
(b) Rolling-moment coefficiente

Figure 25.- lateral-directional moment characteristics; canopy on, M = 21.0,
helium, o = 0°.
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A 25°rudder flare
O 25° rudder flare + anhedral tails
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-.24
-16 -12 -8 -4 0 4 8 12 16

Sideslip angle, B, deg

(a) a = 14°

Figure 26.- Variation of side-force coefficient with sideslip angle; canopy on,
M = 10.k, helium.
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(b) o = 28°

Figure 26.- Concluded.
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Figure 27.~ Variation of side-force coefficient with sideslip angle; canopy on,
o = 36°, M= 17.3, helium.
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Figure 28.- Variation of side-force coefficient with sideslip angle; canopy on,
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=0, M= 21.0, helium.
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Figure 29.- Summary of longitudinal aerodynamic parameters; 250 rudder flare

for M2 5.
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Figure 29.- Concluded.
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Figure 30.- Longitudinal aerodynamic characteristics measured in air and in
helium at M = 10.l4; canopy on, 25° rudder flare.
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Figure 33.- Schlieren photographs of

6-inch model in helium at M =
a = 0%, bp I

R = 4.3%x108.
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shall provide for the widest practicable and appropriate dissemination

of information concerning ils activities and the resulls thereof.”
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Details on the availability of these publications may be obtained from:

CIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Washington, D.C. 20546




